Objective: To estimate the incidence of lipid and glucose abnormalities and assess their association with exposure to antiretroviral (ARV) regimens among perinatally HIV-infected Latin American children.
INTRODUCTION
Combination antiretroviral therapy (cART) has demonstrated unquestionable value in reducing morbidity and mortality among HIV-infected children. 1, 2 Despite these benefits, studies have found an association between cART and metabolic abnormalities, including dyslipidemia and glucose abnormalities, such as insulin resistance (IR) and type II diabetes. [3] [4] [5] The persistence of these associations over time may increase metabolic risk 6 and is of concern as HIVinfected children are expected to receive antiretroviral therapy (ART) for life. 7 In a previous study from an older version of the Eunice Kennedy Shriver National Institute of Child Health and Human Development International Site Development Initiative (NISDI) pediatric protocol, we showed that Latin American HIV-infected children using protease inhibitors (PI)-containing cART regimens were approximately 3 times more likely to develop hypercholesterolemia and hypertriglyceridemia, compared with children on nonnucleoside reverse transcriptase inhibitor (NNRTI)-containing cART. 3 However, this study did not require fasting, so did not analyze cholesterol subsets and glucose abnormalities. Studies from cohorts in the United States have shown similar results. Children receiving PI-containing cART regimens present higher rates of hyperlipidemia in comparison with those not receiving PIs: 29% vs. 10%, respectively. 8 The Pediatric AIDS Clinical Trials Group 219C cohort study demonstrated that PI use was associated with increased risk of developing hypercholesterolemia, with 4.8 cases per 100 person-years of use of cART regimens containing PIs, compared with 0.7 cases per 100 person-years of use of cART combinations without PIs. 9 Disorders of glucose metabolism, ranging from reduction in insulin sensitivity to impaired glucose tolerance and diabetes mellitus, have also recently been recognized in HIV-infected adults. 10, 11 However, these disorders have not been sufficiently studied in HIV-infected children and adolescents receiving cART. 10 Although HIV-1 infection alone may be independently linked to decreased insulin sensitivity, 12 it has been fairly well established that PIs are associated with the emergence of IR in HIV-infected adults. These same processes occur in children, but are less apparent clinically. 10 A cohort study found an IR prevalence of 15.2% in prepubertal and pubertal children with HIV infection. 5 However, initial cross-sectional analyses of the NISDI Pediatric Latin American Countries Epidemiologic Study (PLACES) data did not confirm these results; we previously found a 6.8% prevalence of IR among Latin American children, but no association of IR with ARV use. 4 The objective of the current study was to expand on the prior analyses of the NISDI PLACES cohort using longitudinal methods to estimate the incidence of lipid and glucose metabolic abnormalities and examine their association with type of antiretroviral regimen received.
METHODS

NISDI PLACES Cohort
NISDI PLACES was a prospective cohort study that enrolled perinatally HIV-infected children younger than 6 years of age, from 2008 to 2011, at 14 clinical sites in Latin America (12 sites in Brazil, one in Peru and one in Mexico). PLACES also enrolled participants who were younger than 6 years of age at the time of enrollment to the earlier version of the NISDI pediatric protocol. A description of this cohort has been published elsewhere. 4, 13 The protocol was approved by the ethical review boards of each clinical center, the sponsoring institution (National Institute of Child Health and Human Development), the data management and statistical center (Westat, Rockville, MD), and the Brazilian National Ethics Committee. Informed consent was obtained from the parents or guardians of participants.
Study Population
Per protocol, children were asked to come in a fasting state for testing, once a year after the age of 5. 3 Fasting lipid and glucose testing results obtained for children 5 years of age or older served as the basis for analyzing the prevalence and incidence of the study outcomes. Accordingly, children enrolled in the NISDI PLACES protocol who were 5 years old or older at enrollment were eligible to participate, as were younger children beginning at the point during study followup when they reached age 5. Children with a diagnosis of type I diabetes, nephritic, or nephritic syndrome, uremia, or hypothyroidism at baseline were excluded from the study, as these conditions could result in abnormal levels of the study outcomes.
Study Definitions
The following cutoffs were used to define an abnormal result for the different lipid measures: total cholesterol .200 mg/dL; HDL cholesterol ,35 mg/dL; LDL cholesterol $130 mg/dL, and TG . 110 mg/dL for age ,10 years or TG . 150 mg/dL for age $10 years. In accordance with World Health Organization (WHO) definitions, diabetes was defined as a fasting glucose $126 mg/dL; a fasting glucose result of $110 to ,126 mg/dL was considered as impaired fasting glucose. 14 The Centers for Disease Control and Prevention definition of impaired fasting glucose (fasting glucose result of $100-125 mg/dL) was also evaluated. 15 The homeostatic model assessment of insulin resistance (HOMA-IR) was defined on the basis of the standard formulation of fasting insulin times fasting glucose, divided by 405. 16 Insulin resistance was defined as HOMA-IR .2.5 in those with Tanner stage equal to 1 or HOMA-IR .4.0 in those with Tanner stage .1. Tanner Stage for puberty rating was determined by the attending physician based on physical examination at study appointments. Since Tanner Stage is not assessed for males less than 9 years of age or females less than 7 years of age, these children were assigned as stage I for the analyses.
Adherence to ART was assessed through patient or caregiver self-report, using a structured questionnaire developed for use by the U.S. National Institute of Allergy and Infectious Diseases as part of standard practice in Pediatric AIDS Clinical Trials Group studies. 17 ART adherence was based on the total number of doses missed relative to the total number of expected doses included in the participant's treatment regimen during the three-day period just before follow-up visits, which were conducted every 6 months.
Statistical Analysis
Characteristics of the study population at eligibility were examined using simple descriptive statistics; categorical-scaled variables were described using frequencies and percentages, whereas continuous variables were examined in terms of means, standard deviations (SD) and medians. Prevalence rates [and 95% confidence intervals (CIs)] were calculated separately for each study outcome measure based on the first available fasting test result ("baseline") reported for each outcome. Cumulative incidence rates (and 95% CIs) were derived based on the occurrence of abnormal glucose or lipid measures during study follow-up among children who had an initial normal fasting measure (nonprevalent cases).
The risk of metabolic abnormalities associated with ART use was modeled on the basis of the time-to-event using Cox proportional hazards regression modeling. The association of a number of patient-level characteristics with abnormal lipid levels was explored in preliminary univariate proportional hazard regression analyses to screen for candidate covariates for inclusion in multivariate modeling using an alpha #0.1 for covariate screening. ART regimen, age, HIV RNA, and CD4 percent were modeled as possible timevarying predictors of the study outcomes; the time-varying predictor variables were updated in the analyses to reflect any changes that occurred during study follow-up before the outcome events. To avoid assigning risk to recently initiated ART regimens and those that ceased being taken long before the timing of the outcome events, a window of 14-183 days was used in capturing the ART regimen; if the ART regimen changed less than 14 days before the outcome assessment, the patient's previous ART combination was used in the multivariable analysis for the relevant study visit. This same window was used in capturing the other time-varying covariate values. The fixed covariates of gender and country of origin were included in the final multivariable models to adjust for potential residual confounding due to differences among study participants.
All analyses were conducted using SAS version 9.3 (SAS Institute Inc., Cary, NC).
RESULTS
Among the 500 children enrolled on the NISDI PLACES protocol, 115 were excluded from the present analysis for the following reasons: 110 patients were younger than 5 years of age at their last study visit and therefore not subject to fasting metabolic laboratory testing, 2 were diagnosed with diseases associated with abnormalities of lipid or glucose metabolism identified for exclusion (both had hypothyroidism), and 3 did not have fasting laboratory test results available for analysis (Fig. 1) . The final analysis population consisted of 385 children that met the eligibility criteria for the lipid profile analysis; 342 of these children were eligible for insulin quantification and 345 for glucose profile analysis. Table 1 summarizes the characteristics of the study population at eligibility (N = 385). The average age (6SD) of study participants eligible for this analysis was 6.6 (62.0) years and the majority of them (51.2%) were female. Most subjects (67.9%) were below the gender-specific age cut off for assessment of Tanner Stage and set to stage 1 for purposes of the analysis. Most of the participants were classified as having normal body mass index (83.5%), height (84.7%), and weight (87.2%) for age according to the WHO standards. 18 Table 2 presents the HIV data at baseline, the mean (6SD) log 10 viral load was 3.1 (61.3), with 34.2% having undetectable (,400 copies/mL) HIV RNA levels; most had high CD4 measures (71.6% with CD4 percent .25%, 88.3% with CD4 absolute count $500 cells/mm 3 ). WHO immunological staging was classified as "none or not significant" for 61.3%. The majority of participants (89.4%) had received ART before becoming eligible for the present analysis, with a mean (6SD) duration of use of 4.6 (62.8) years; 55.6% were currently receiving a PI-containing regimen at study eligibility. The most common regimens at eligibility included 3TC/ZDV/LPV/r (n = 83), 3TC/ZDV/EFV (n = 36), 3TC/ d4T/LPV/r (n = 32), ddI/ZDV/LPV/r (n = 32), and 3TC/ZDV/ NVP (n = 20). Self-reported adherence to ART was high among study participants; 89.4% indicated that they had taken all prescribed ART doses during the 3 days before the eligibility visit.
There were no participants using statins before study eligibility. Only 21 (5.5%) subjects received glucocorticoids †Since Tanner Stage is not assessed for males less than 9 years of age or females less than 7 years of age, these children were all set to Stage 1 for the analyses. †Percent adherence was determined in terms of numbers of ART doses missed relative to doses expected to be taken during the 3 day period before the study visit.
(all but one received systemically), which included hydrocortisone, dexamethasone, budesonide, prednisone, or prednisolone (data not shown). Also, there were few reports on or before eligibility of diagnoses of obesity (2.1%) or lipodystrophy (fat accumulation, 1%; fat loss, 2.9%), and there were no reports of type II diabetes.
The mean (6SD) fasting glucose and insulin levels at baseline were 78.4 (68.9) mg/dL and 4.2 (64.3) mU/I, respectively. Mean (6SD) HOMA-IR at baseline was 0.84 (61.04). The mean (6SD) total, HDL and LDL cholesterol levels, and TG levels at baseline were 162.0 (635.2), 44.4 (613.9), 96.1 (630.2), and 106.9 (655.3) mg/dL, respectively. Table 3 summarizes the prevalence and the cumulative incidence of lipid, fasting glucose, and HOMA-IR abnormalities during study follow-up. A total of 58 (18.1%; 95% CI: 14.1% to 22.8%) of 320 children developed hypercholesterolemia after baseline. The cumulative incidence of abnormal HDL and LDL was 19.6% (95% CI: 15.1 to 24.7) and 15.0% (95% CI: 11.3 to 19.5), respectively. A total of 103 children developed hypertriglyceridemia after baseline, corresponding to a cumulative incidence of 44.2% (95% CI: 37.7-50.8). The cumulative incidence of insulin resistance was 3.8% (95% CI: 1.8 to 7.1). Although there were 2 subjects with diabetes at baseline (glucose $126 mg/dL), there were no incident cases; per WHO definition (glucose 110-125 mg/dL), there were 2 incident cases of impaired fasting glucose, although there were none at baseline. Applying the CDC definition for impaired glucose instead (glucose 100-125 mg/dL), there were 2 cases at baseline and 6 incident cases. Among incident cases with a subsequent laboratory measure available, the persistence of dyslipidemia at a subsequent laboratory measure was as follows: 61.1% for hypercholesterolemia, 46.7% for abnormal HDL, 52.4% for abnormal LDL, and 57.5% for hypertriglyceridemia (data not shown). Table 4 shows the results of the Cox proportional hazards regression models examining ART use, adjusted for age, gender, country, and HIV RNA. The model for abnormal HDL is also adjusted for CD4 percent.
Hypercholesterolemia
ART regimen was not associated with the development of hypercholesterolemia; the P-values for the comparisons of PI-containing and non-PI-containing regimens with no ART were 0.46 and 0.52, respectively. The risk of developing an abnormal total cholesterol was significantly lower among those with HIV RNA $400 copies per milliliter than those with RNA below this cutpoint [hazard ratio (HR) = 0.4, 95% CI: 0.2 to 0.9; P = 0.0178)]. The risk of experiencing an abnormal total cholesterol level was not associated with subject's age, gender, or country of origin (P . 0.07).
Abnormal HDL Cholesterol
The risk of developing abnormal HDL cholesterol was not associated with type of ART regimen, age, gender, country, or HIV RNA (P . 0.1). However, the risk of developing an abnormal HDL cholesterol was significantly higher among those with CD4 percent #25% compared with those with CD4 percent above 25% (HR = 2.5, 95% CI: 1.2 to 5.0; P = 0.0128).
Abnormal LDL Cholesterol
Type of ART regimen received was not associated with risk of abnormal LDL cholesterol level (P . 0.5). Subjects with HIV RNA $400 copies per milliliter had a reduced risk of experiencing an abnormal LDL cholesterol compared with those with HIV RNA below this cutpoint (HR = 0.4, 95% CI: 0.2 to 1.0; P = 0.0376). There was no association between the risk of developing abnormal LDL cholesterol and subject's age, gender, or country (P . 0.3).
Hypertriglyceridemia
Children on a PI-containing regimen were nearly 4 times as likely to experience an abnormal TG measure as those receiving no ART (HR = 3.6, 95% CI: 1.3 to 10.5; P = 0.0167). Those receiving a non-PI-containing regimen were at increased risk of experiencing an abnormal triglyceride measure compared with those receiving no ART, but this difference was not significant (HR = 1.5, 95% CI: 0.5 to 4.5; P = 0.51). The risk of hypertriglyceridemia was significantly lower among males than females (HR = 0.5, 95% CI: 0.3 to 0.8; P = 0.0029) and also among those enrolled in Brazil compared with Mexico or Peru (HR = 0.3, 95% CI: 0.2 to 0.5; P , 0.0001). Risk of hypertriglyceridemia was not associated with age (P = 0.22) or HIV RNA (P = 0.21).
DISCUSSION
In the present study, the cumulative incidence of lipid abnormalities ranged from a low of 15.0% for abnormal LDL cholesterol to a high of 44.2% for triglyceride abnormalities. The incidence of glucose and HOMA-IR abnormalities was quite small in the study population (,4%). The type of ART regimen received was associated only with the risk of developing a triglyceride abnormality in multivariable modeling. The results indicate that the risk of developing a triglyceride abnormality among those receiving a PIcontaining regimen was over 3 times that of those receiving no ART. Subjects with detectable viral load were at lower risk of experiencing an abnormal total or LDL cholesterol, possibly due to less exposure to antiretroviral treatment.
Children in our study were generally in good health, with most having normal body mass index, height and weight, and an immunological profile where the majority presented with high CD4 levels, in accordance with high levels of self-reported ART adherence. With a mean duration of ART exposure of 4.6 years and approximately 56% receiving a PI-containing regimen, our study found a prevalence of dyslipidemia at baseline similar to what has been published and consistent with the preliminary report on baseline data from the NISDI cohort. 4 The cumulative incidence results support the need for further investigation into the cause of these rather high rates of lipid abnormalities. In a clinical trial in South Africa, Strehlau et al, 19 found that initiation of PI-based regimens resulted in significant increases in total cholesterol, LDL and HDL cholesterol and decreases in the total cholesterol:HDL ratio and TG. To our knowledge, the largest longitudinal study that examined the association of PIs and other ART with lipid levels in HIV-infected children was the study of Tassiopoulos et al. In contrast to our findings, this study, which focused only on hypercholesterolemia because fasting was not required, concluded that PI-based (boosted and nonboosted) regimens and use of NNRTIs were significant risk factors for hypercholesterolemia. 9 Our results indicate that, although complications of glucose metabolism are uncommon, they do exist in HIVinfected children as shown in other studies. 1, 20 In addition to the 5.3% of the children, we observed with abnormal HOMA-IR at baseline, 3.8% developed abnormal HOMA-IR during the course of study follow-up. This suggests that the proportion of children with insulin resistance is likely to continue to increase, as ART can interact with the physiologic insulin resistance induced by puberty itself. 20 The glucose outcomes did not include sufficient numbers of events (abnormalities) to support proportional hazards regression modeling.
A potential limitation of our analysis is that we did not evaluate factors such as maternal dyslipidemia or family history of heart disease, but this is not likely to have had a major influence on our findings, as some authors indicate that these factors are unlikely to be associated with ART use. 9, 19 We recognize that our study is a secondary analysis of infrequent measures, with imprecise determination of the onset of abnormalities. Nevertheless, the cohort study was conducted using standardized data collection instruments and fasting measurements, with a relatively large sample size. Another limitation is the self-reported adherence measure used for this study, as another analysis of NISDI study data showed that it "demonstrated some association with viral load, but may not be adequate for reliably identifying nonadherence." 21 This measure is likely overestimating adherence, which may explain why only 34.2% of the subjects had undetectable viral load despite high rates of adherence. Additionally, although it would have been of interest to investigate the influence of receipt of individual ARVs on the study outcomes, the numbers were not sufficient to support such analyses. Secondary to HIV infection itself, the explanation for the association between PIs and abnormal lipid levels remains unclear, with some hypotheses considering their potential to increase lipid synthesis by liver enzymes or by inhibition of proteins involved in lipid metabolism and adipocyte differentiation. 9 The mechanism involved in glucose homeostasis alteration, especially insulin resistance, is also still under investigation, but seems to be related to the direct inhibition of the GLUT4 (insulin-responsive facilitative glucose transporter isoform 4) attributed to the use of highly active antiretroviral therapy, including PIs and nucleoside reverse transcriptase inhibitors. 5, 22 Although we found some evidence of an association of ART including PIs with dyslipidemia, we agree with other authors that, despite the potential adverse consequences of treatment of HIV-infected children with PIs, the benefits outweigh the toxicities, and that there is the need for ongoing metabolic monitoring of treated children. 3, 7, 9, 19 According to the UNAIDS 2014 Global Report, there were 783,000 children in June 2014 receiving antiretroviral treatment, an increase of 3% in comparison with that in 2013. 23 Based on current WHO guidelines that all HIV-infected children should be treated with cART, the number of children starting presumably lifelong cART at young ages will increase worldwide. 24 Those children will possibly experience drug-related adverse events and toxicities that are increasingly recognized and represent one of the most common reasons for treatment discontinuation or switch. 25 Metabolic complications of long-term ART exposure remain an on-going problem for perinatally HIV-infected children, potentially affecting their overall quality of life and influencing treatment adherence. 1 Further complicating the issue, it is difficult to separate the impact of HIV infection from ART on serum lipid concentrations. Finally, because clinical events are not expected until adulthood, longitudinal analyses, or at least tracking of perinatally HIV-infected youth into adulthood, will be important.
Additional studies are necessary to determine whether these metabolic abnormalities are associated with an increased risk of cardiovascular disease and how this scenario can be managed in children and adolescents. 9 Associations between ART use in HIV-infected children and adolescents and glucose metabolism disturbances should continue to be investigated in future studies.
